174 COMBUSTION AND FLAME 99: 174-186 (1994)

Simultaneous Optical Measurement of Soot Volume Fraction
and Temperature in Premixed Flames
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The performance of a three-wavelength optical probe technique for measuring soot volume fraction and
temperature was assessed by conducting experiments in the homogeneous environment of a premixed flame.
Using a premixed ethylene /air flame, the temperatures and soot volume fractions {f,,, based on absorption
measurements at 633 nm and f,,, based on emission measurements at 900 nm and 1000 nm) were compared
with previously reported results. Although the temperatures and mean soot volume fractions compared
favorably, the discrepancy between f,, and f,, prompted new measurcments to evaluate the importance of
source wavelength on the f,, measurements, scattering by soot particles, light absorption by “large”
molecules and the use of different indices of refraction reported in the literature. The experiments on the
degree of soot scattering and light absorption by “large” molecules indicated that these effects cannot
reconcile the observed discrepancy in the soot volume fractions. The measured soot volume fractions were,
however, sensitive to the absorption constant and therefore varied significantly when different sets of
refractive indices were used. Furthermore, the agreement between f,, and f,., was improved when
extinction mecasurements were performed with longer wavelength light sources. Isokinetic soot sampling
experiments were also performed to compare with the optically-measured soot volume fractions. This
technique does not rely on the refractive indices of soot and therefore provides an independent measure of
the soot volume fraction. The soot volume fractions measured using this technique compared favorably with
the optically measured values (calculated using various indices of refraction).

NOMENCLATURE L’ probe separation distance in emission
measurements
. m  soot index of refraction

¢ speed of light m, mass of collected soot
Dy fractal dimension n, real part of the soot index of refraction
d, primary particle size R, radius of gyration
F, wavelgngth-dependent character of the temperature

detection system t  collection period
F  angular correction factor
f.. sootvolume fraction based on emission
f., soot volume fraction based on absorption ~ Greek Symbols
h  Planck’s constant T
I,  spectral radiation intensity « pol%rlzablhty .
£ wavenumber ¢ equwal'ence ratio
K, soot absorption constant 0 zcatt?rmgf angle
k, imaginary part of the soot index of refrac- p,  density ofsoot .

tion Py, Scattering / absorptlon ratio
k, Boltzmann’s constant o scattering coefﬁment
L probe separation distance in transmission A wavelength of light source

measurements
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fire hazards. The radiative heat feedback from
the flame to the fuel surface is controlled by
the temperature and soot distribution inside
the fire. Early attempts at modeling this pro-
cess involved several limiting assumptions in-
cluding the use of average flame emissivity and
constant flame temperatures [1] or mean tem-
peratures and absorption/emission coeffi-
cients as a function of height and effective
flame shapes [2]. Due to the turbulent nature
of these fires, the use of mean radiative prop-
erties can lead to significant differences be-
tween the predicted and measured fuel burn-
ing rates [3]. Markstein [4] investigated spatial
and temporal variations of the emission inten-
sity for pool fires and discussed the importance
of turbulent fluctuations of temperatures and
soot volume fractions on radiation. Thus, di-
rect integration of the turbulent radiative heat
transfer equation requires the localized instan-
taneous temperature and emissivity distribu-
tions within the region between the fuel sur-
face and the flame [3, 6].

In an attempt to characterize turbulence-
radiation interactions, Klassen et al. [7] utilized
a three-wavelength optical probing technique
in a small pool fire burning toluene. This
method employs a two-wavelength emission
measurement for temperature and soot volume
fraction (8], f,,, and concurrent laser extinc-
tion for measurement of the soot volume frac-
tion based on absorption, f,, [9]. It has been
reported that the uncertainties in the mea-
sured values of 7, f,,, and f,, are functions of
the magnitude of the measured values [9]. Thus,
in a large pool fire, the resulting uncertainties
in the measurements are likely to be different
from the case in which small pool fires were
studied by Klassen et al. [7]. Therefore, a rigor-
ous assessment of the accuracy of this mea-
surement technique was required for its even-
tual use in large pool fires burning toluene and
heptane.

In this study, the performance of the three-
wavelength technique was tested in a homoge-
neous path-invariant environment of premixed
hydrocarbon /air flames. Under this condition,
the soot volume fraction based on absorption,
f.q» can be compared directly to the soot vol-
ume fraction based on emission, f,,. In a non-
homogeneous environment, f,,, represents the

Planck-weighted average (and therefore is bi-
ased toward the hotter soot particles) whereas
f.. is the average soot volume fraction in the
pathlength. Thus, in a non-homogeneous envi-
ronment such as a fluctuating pool fire, f,, will
be different from f,,. However, in the path-in-
variant environment of a premixed flame, the
two techniques should provide the same value
of soot volume fraction.

THREE-WAVELENGTH TECHNIQUE

The soot volume fraction based on absorption,
fiq» 18 determined from the measurement of
the transmittance through the flame,

I
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where K, is the absorption constant, A is the
wavelength of the incident (/,,) and transmit-
ted (/,) radiation intensity, and L is the path
length. Initially, the scattering to absorption
ratio, p,,, was assumed to equal zero. The
absorption constants were calculated from the
dispersion relationship of Dalzell and Sarofim
[10] using the following equation:
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where n, and k, are the wavelength-depen-
dent real and imaginary parts of the complex
index of refraction, respectively.

The emission intensity for the two wave-
length regions used here are given by:
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where A, and A, are the lower and upper
cutoff wavelengths, respectively, for the inter-
ference filters, F, is the wavelength-dependent
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characteristics of the detection system, L' is
the pathlength, and I, is Planck’s function:

2hc?

W(ehe/ T — 1)° (5)

I, =

where 4 is Planck’s constant, c is the speed of
light, k, is Boltzmann’s constant, and 7 is the
temperature of the radiating particles. Equa-
tions 3 and 4 were solved for the two un-
knowns; temperature, T, and soot volume frac-
tion, f,,. Using a single set of refractive indices
to calculate the absorption constant, the un-
certainty in the temperature measurements is
estimated to be approximately 50°C and the
uncertainties in f,, and f,, are approximately
10% which are similar to the values reported
by Sivathanu et al. [9].

EXPERIMENTAL TECHNIQUE

Figure 1 displays the schematic diagram of the
experimental apparatus. It is similar to that
described by Klassen et al. [7] except that in
the current system, light signals were carried
through a trifurcated fiber optic bundle. This
facilitates the movement of the probes through
the fire. In the three-wavelength probe tech-
nique, the emission intensity from the lumi-
nous path length was monitored at wave-
lengths of 900 and 1000 nm (both with 60-nm
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Fig. 1. Schematic of the three-wavelength experimental
apparatus.
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half-bandwidths), while simultaneously mea-
suring the transmission signal from a 633-nm
He-Ne laser mechanically chopped at 400 Hz.
The transmission signal was separated from
the background emission by using a phase-loop
lock-in amplifier. The emission signals were
detected by two biased silicon photodiodes.
The emission detection system was calibrated
using a blackbody source operating at 1000°C.
The calibration factors were checked fre-
quently and were found to be constant before
and after the experiments. The emission and
transmission signals were acquired at 100 Hz
for a period of 50 s.

The housings for the fiber optic bundle
(probe A) and the absorption detector (probe
B) were water-cooled (at 15°C). Portions of the
light-guide tube that were inserted into the
flame were not water-cooled to minimize the
disturbance to the flame. To prevent deposi-
tion of soot particles, nitrogen was purged at
approximately 0.8 cm’/min through each
light-guide. The light-guide was a coaxial as-
sembly of a 135-mm-long stainless-steel tube
(of 3.2 mm diameter) inserted into a larger
stainless-steel tube (of 6.4 mm diameter) of the
same length (denoted as Case A). This coaxial
arrangement produced less background emis-
sion (caused by heating of the light-guides from
the flame) in comparison to the case in which a
single 6.4-mm tube was used (denoted as Case
B). This was tested by subjecting it to a nonlu-
minous Meeker Burner flame to cause the
light-guide to radiate. The dotted line in Fig. 2
shows the emission intensity monitored at 1000
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Fig. 2. Emission intensity at 1000 nm for cases using
6.4-mm tube and 3.2/6.4-mm tube combination as light-
guides.
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nm as a function of time after exposure to the
flame for Case A. The solid line corresponds to
the emission intensity measured for Case B.
Within 30-40 s after the initiation of heating,
the intensity from the glowing tube in Case B
represented more than 25% of the emission
signal from a typical luminous flame experi-
ment. The measured radiation intensity mea-
sured for Case A was nearly two orders of
magnitude lower than for Case B. In Case A,
the inner tube shielded the detector from mea-
suring the emission from the radiating outer
tube, thereby greatly improving the signal to
noise ratio of the measurements.

In this study and in the study by Klassen et
al. [7], 1-mm dark zones were observed at the
ends of the light-guides caused by quenching.
These dark zones do not contribute to the
overall emission measurements in the probe
volume; however, the cool soot particles in this
zone will still attenuate the laser signal and
affect the absorption measurements. Thus, the
path length L’ used in Egs. 3 and 4 is 2 mm
less than the path length L used in Eq. 1.

PREMIXED FLAME EXPERIMENTS

The performance of the three-wavelength
technique for measuring temperature and soot
volume fraction was tested in a homogeneous
environment of a premixed ethylene /air flame.
In this experiment, the opposing probes were
separated by 20 mm and were placed 25 mm
above the burner surface. The fuel /air equiva-
lence ratio was varied from 2.1 to 2.4. Figure 3
displays the measured soot volume fractions
(f,, and f,,) and temperatures as a function
of equivalence ratio. The soot volume fraction
based on emission and absorption increased as
a function of equivalence ratio, however, f,,
did not equal f,,. The measured temperature,
f., and f., were compared to the results re-
ported by Harris and Weiner [11] for the same
experimental conditions (denoted by HW).
Harris and Weiner measured the temperature
using the Kurlbaum technique and the soot
volume fraction using the scattering and ex-
tinction technique of D’Alessio and coworkers
[12]. The mean soot volume fraction (mean of
f,. and f,.,) compared favorably with the soot
volume fractions reported by Harris and
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Fig. 3. Temperature, f,, and f,,, based on K, from Ref.
10, compared with data reported Harris and Weiner (de-
noted as HW), Ref. 11.

Weiner [11], with an average difference of less
than 20% between the two sets of experiments.
Furthermore, their reported temperature for
¢ = 2.3 of 1610 K is also in good agreement
with our experimental value of 1603 K.
Although the general agreement with the
results of Harris and Weiner was encouraging,
the difference between f,, and f,, was cause
for concern. It was thought that the difference
in the soot volume fractions may have resulted
from the possible nonuniform temperature dis-
tribution within the probe volume. For pre-
mixed flames, the path length of constant tem-
perature and soot volume fraction decreases as
a function of height above the burner [13]. To
ensure a region of uniform temperature distri-
bution, the probes were placed closer to the
burner surface. To produce sufficient luminos-
ity to perform the emission measurements and
attenuation for the absorption measurements,
a rich, premixed acetylene /air (¢ = 2.3) flame
was investigated. The probe separation, L,
was 20 mm and the probes were placed 8 mm
above the burner surface. Figure 4 presents
the measured temperature, f,, and f,, as a
function of radial position. Radial position of
“0” corresponds to the center of the burner.
The flat profiles of the temperature, f,, and
f.. in Fig. 4 indicate that uniform conditions
existed within the path length. Thus, by defini-
tion, f,, should equal f,, in this environment,
however, f., is greater than f,, by nearly a
factor of two. The most obvious factors causing
the overprediction of f,, was thought to be
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Fig. 4. Temperature, f,, and f,, (using K, from Ref. 10)
measured as a function of radial position. “0” corresponds
to the center of the burner.

scattering by soot particles and light absorp-
tion by large polyaromatic hydrocarbon (PAH)
molecules. The next sections describe experi-
ments that were performed to assess the im-
portance of these factors in reconciling the
difference between f,, and f,.,.

ABSORPTION BY LARGE MOLECUELS

Large PAH molecules can absorb radiation in
the visible and in the near-infrared range [14]
and therefore cause overprediction of f,,.
Weiner and Harris [15] defined several classes
of PAHs that can coexist with the soot particu-
lates: Class A, with molecular weights of
~ 1000 amu, are present in the soot inception
zone; Class B, with molecular weights between
~500 and ~ 1000 amu, are present in the
immediate postinception zone; and Class C,
with molecular weights less than ~ 500 amu,
are present in the postinception zone. Since
the large Class A molecules are depleted at
the soot particle inception zone, it is likely that
most of the absorption by PAH molecules in
the postinception region of a premixed flame
(where optical measurements were made in the
present study) are due to Class B or Class C
molecules. The absorption spectra for these
molecules could extend to 700 nm [14]; thus it
is possible that the f,, measurements at 633
nm may have been affected by molecular ab-
sorption. However, it is believed that the con-
tribution to the emission intensity by these
molecules will be negligible compared with the
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emission intensity due to soot particles. To
have an absorption /emission spectrum extend-
ing to 900 nm, the PAHs would have to be
significantly larger than Class B molecules [11].
Thus, f,, measured using emission from 900
and 1000 nm should not be affected by the
presence of PAHs.

The importance of light absorption by PAHs
was investigated by using radiation sources with
wavelengths of 488 nm, 633 nm, 940 nm and
1550 nm. Figure 5 displays the measured f,, at
these wavelengths for ¢ = 2.3 acetylene /air
flame at 8 mm above the burner surface. The
experiment at 940 nm was performed using a
series of infrared emitting diodes and a pair of
narrow (10 nm half-bandwidth) filters to pre-
vent interference with emission measurement
at 900 and 1000 nm. The experiments at 488
and 1550 nm were performed using a tungsten
filament lamp and pairs of interference filters.

The decrease of f,, at the longer source
wavelengths was consistent with the presence
of “large” absorbing molecules. Previous stud-
ies [15, 16] suggest that the fraction of absorp-
tion by PAH molecules (relative to absorption
by soot) at wavelengths as high as 940 and 1550
nm should be negligible. Thus, the extinction
of the light source due to PAH absorption can
be estimated from the difference in the soot
volume fraction measurements at 1550 nm and
488 nm. However, this was not deemed appro-
priate for our study due to possible scattering
by soot particles (i.e., p,, may not equal zero
in Eq. 1) at the 488-nm wavelength. Thus, a
method that is independent of scattering was
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Fig. 5. f,, measurement (using K, from Ref. 10) at
various source wavelengths.
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needed to assess the importance of absorption
by PAH molecules.

Using a rich atmospheric pressure premixed
methane /oxygen flame, D’Alessio et al. [12]
found that the ratio of the concentration of
PAH to soot decreased as a function of height
above the burner. Since, the f,, based on
measurements at 900 and 1000 nm should not
be affected by the presence of Class B /Class C
molecules, the ratio of f,,/f,. is expected to
decrease with height as the concentration of
large molecules decreases. Figure 6 displays
measurements of f,, (using 633 nm He—Ne
laser) and f,, as a function of height above the
burner surface for a premixed acetylene /air
flame (¢ =23, L =20 mm). If significant
PAH absorption occurred in the measure-
ments at positions close to the burner surface,
the ratio of f,,/f,. would have decreased as a
function of height above the burner. The data
in Fig. 6 indicate that both f,, and f,, in-
creased as a function of height and that the
ratio of the soot volume fractions remained
nearly constant to within the uncertainty in the
measurements. Thus, this experiment suggests
that absorption by PAH does not contribute
significantly to the discrepancy in the soot vol-
ume fractions.

SOOT SCATTERING EXPERIMENTS

For the measurements shown in Figs. 3-5, the
scattering component of extinction was dis-
counted by assuming that the soot particles
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Fig. 6. f,.,, f.. and f,,/f.. (using K, from Ref. 10)
measured as a function of height above the burner.

were much smaller than the wavelength of the
incident light. However, the Rayleigh limit so-
lution is valid for cases in which the optical
size, md,/A, is typically less than about 0.3.
Analysis of transmission electron micrographs
[TEM] of soot collected using thermophoretic
probes at various positions above the burner
surface indicates that the primary particle sizes
encountered in our experiments were much
smaller than the extinction source wavelength.
The measured primary particle sizes were 18,
21, and 23 nm at positions 8, 15, and 25 mm
above the burner surface, respectively, for ¢ =
2.3. However, agglomeration of individual soot
particles can result in large aggregates (consist-
ing of hundreds of primary particles) with opti-
cal sizes much greater than unity. Under such
conditions, scattering can account for a signif-
icant fraction of the signal attenuation and can
lead to overprediction of f,,. For example,
Koylii and Faeth [17] found that the scattering-
to-absorption ratio can be as large as unity for
soot in the overfire region of acetylene and
toluene diffusion flames for a source wave-
length of 633 nm.

In order to assess the degree of scattering in
the current experiments, differential scattering
measurements were performed. The polariza-
tion direction of the 5-W argon-ion laser was
set at 45° to emulate natural light (correspond-
ing to two linearly-polarized orthogonal
beams). The detection optics included a 5-mm
aperture, interference filter, 9-cm focal length
lens, 1-mm pinhole, polarizer, diffuser, and a
photomultiplier tube. The acceptance angle of
the optics was approximately 0.6°. The detec-
tion optics assembly was attached to a motor-
ized rotary table (controlled by the data acqui-
sition system) that was positioned concentri-
cally below the burner.

The total scattered intensity was measured
as a function of scattering angle, 8, with 8 = 0
corresponding to forward scattering. Figure 7
displays the total scattered intensity measure-
ments for the various conditions. Repeatability
of the measurements is shown for the ¢ = 2.3
experiment at a height of 8 mm. The scattered
intensity was measured from 20° to 90° at 10°
intervals. (For discussions of approximations
used to determine the scattering intensity, see
Appendix I). At every angular position, the
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detection system was calibrated by measuring
the scattered intensities of propane (IlDrop »)
nitrogen (Iy_,) and helium (/. ). The inten-
sities measured for helium were attributed to
laser reflections from the surroundings (due to
its small scattering cross-section). Therefore,
the scattered intensity for helium was sub-
tracted from the intensities measured for
propane and nitrogen. The theoretical scatter-
ing cross-section ratio of propane to nitrogen
is 10.9 at 488 nm calculated with the indices of
refraction given by Landolt-Borenstein [18].
The measured scattering cross-section ratio,
calculated from the relationship

IProp,s - (I{’rop,.v - I{—Ie,s) 6)

INz,s (I;Vz,s_lile.s)

was 11.0 + 0.31. For a Rayleigh scatterer such
as propane, the angular variation of the scat-
tered intensity follows the relationship

Tprop.(0) = (90°)[1 + cos® 1. N

Prop s

At each angular position, the scattered inten-
sity for propane was used to determine the
angular correction factor, F(6), from the fol-
lowing relationship:

(90°)[1 + cos ]

Prop N
F(8) = . (8)
[Prop,s(e)
4.0 T ; T T T T T
i
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Fig. 7. Total scattered intensity as a function of scattering
angle for an acetylene/air flame at various ¢ and H.
Comparison with the data for propane is also provided.
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The F(0) term takes into account variation in
the scattering volume as a function of scatter-
ing angle. The angular scattered intensities for
the soot experiments were multiplied by the
corresponding F(#) terms and the differential
scattering coefficients for soot were calculated
using the following relationship:

sool( ) I()A
9001(0) - (O'ON )Prome(e) I—,\ s
rop, s

)

where 1,(0) is the scattered intensity for
soot, (I,,/1,) is the ratio of the incident to
transmitted light through the flame and
(g Nyp,op, is the scattering coefficient for
propane. The single particle scattering cross-
section for propane at 488 nm, oy, is 9.57-
10727 ¢m? [18]. The concentration of propane
at ambient conditions (T = 298 K and P =1
atm), N,, is 2.46 - 10" molecules/cm’.

Radius of gyration measurements were also
performed to determine the size of the aggre-
gates. For these experiments, the polarization
angle was set at 90°. Figure 8 displays the
1,.(¢*)/1,.(0) as a function of g° (where g =
47 sin(0/2)/A) for various equivalence ratios.
Measurements were performed at a height of
15 mm above the burner surface for all equiva-
lence ratios. The angular correction factor
F'(9) (shown below) is different from F(6)
used in the total scattering measurements, be-
cause the magnitude of the (vv) component of
the scattered signal is independent of scatter-
ing angle for Rayleigh molecules. F'(8) was
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Fig. 8. I,,(0)/1,.,(0) as a function of g°.
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determined from the following equation:

IProp, N (900)

F’ = .
(6) 1Pr0p,s(0)

(10)

The radius of gyration was calculated from the
following equation with the assumption of small
qR

g

— 1 2 2
I(q) = 1(0)|1 - 34 (R:)}|. (1)

The slopes of the least-squares fitted lines for
small gR, in Fig. 8 corresponds to —R}/3. At
equivalence ratios of 2.1, 2.3, and 2.5, the mea-
sured radii of gyration were 49 nm, 74 nm and
83 nm, respectively. These values are typically
an order of magnitude smaller than the R,
measured for soot in the overfire region of
turbulent diffusion flames burning acetylene
and toluene [19]. For the overfire soot aggre-
gates, the scattering to absorption ratios were
typically of the order unity. However, due to
the smaller soot aggregates measured in the
present study, the scattering component of ex-
tinction is expected to be less important.

Figure 9 displays the differential scattering
coefficients as a function of angle for the ex-
periments presented in Fig. 7. The total scat-
tering coefficient was calculated by integrating
the differential scattering coefficients over the
41 solid angles. For the sootiest case (¢ = 2.5,
h =15 mm), the calculated scattering to ab-
sorption ratio [a,/(K, — )] for the 488-nm
wavelength was less than 8%.
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Fig. 9. Differential scattering coefficient as a function of
scattering angle.

For a 633-nm source, the scattering to ab-
sorption ratio was estimated to be less than
4% using the following relationship (assuming
a monodisperse particle size distribution {19]):

2 'wder(m)

Pa = 317X | E(m)"
i by
1 4 2m 2R2 i (12)
X[+ ——
o7 "
(m) ‘mz_lz (13)
F = - —
" m2+2|’°
m? —1
E(m) = —Im| —; , (14)
m-+ 2

where the value of m = 1.57 — 0.56i, dp is the
particle diameter, A is the source wavelength
and n is the average number of particles per
aggregate. This experiment demonstrates that
the scattering/absorption ratio is too small to
reconcile the large differences observed for f,,
and f,, measurements in the homogeneous
premixed flame.

INFLUENCE OF THE SOOT INDEX OF
REFRACTION

After eliminating the effects of soot scattering
and light absorption by PAH molecules, the
uncertainty in the refractive index (used to
calculate the absorption constant) appears to
be the most likely factor causing the discrep-
ancy in the soot volume fractions in a homoge-
neous environment. Recent studies have ques-
tioned the practice of using a single set of
refractive index (determined for soot gener-
ated from a particular fuel) for analyzing the
radiative properties of soot generated from
different fuels. In an early experiment, Dalzeli
and Sarofim [10] collected both acetylene soot
[with a C/H ratio of 14.7] and propane soot
[with a C/H ratio of 4.6] and measured only
small differences between the optical proper-
ties of soot produced from the different fuels.
In 1981, Lee and Tien [20] analyzed in situ
transmittance measurements for several fuels
and found variations in the indices of refrac-
tion. More recently, Habib and Vervisch [21]
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analyzed soot produced from methane, propane
and ethylene and found that in the visible and
near-infrared wavelengths, the radiative prop-
erties of soot are dependent on the carbon to
hydrogen ratio of the soot. In all of the above-
mentioned work, the variables of the Drude-
Lorentz dispersion model were varied to fit the
transmittance or reflectance data. However,
Felske and Ku [22] suggest that the use of the
Drude-Lorentz dispersion relationship cannot
be expected to produce accurate indices of
refraction for a material such as soot (for
which the properties are not well-char-
acterized) when it can’t predict the spectral
features of a well-characterized material such
as graphite.

Chang and Charalampopoulos [23] made in
situ measurements of the refractive indices for
soot produced in premixed propane flames us-
ing light scattering and the Kramers-Kronig
relationship. They measured the index of re-
fraction at various heights above the burner
surface and found variations in both the real
and imaginary components. They attributed
this behavior to the changes in the chemical
structure (i.e., C /H ratio) of soot. Sivathanu et
al. [13] on the other hand measured the spe-
cific absorption constants for soot generated
using premixed methane, propane and ethyl-
ene flames and found negligible differences.
Thus, the conflicting conclusions regarding the
impacts of physical and chemical effects on the
optical properties of soot indicate the need for
further work in this area [24].

The question arises as to which set of refrac-
tive index should be used to calculate the
temperature and soot volume fractions. It is
important to keep in mind that large variations
in the measured 7, f,,, and f,, result when
various sets of refractive index are used for the
calculations. Figure 10 displays the absorption
constant, K,, as a function of wavelength cal-
culated from the refractive indices reported in
the literature. The acetylene (D-S) corre-
sponds to the experimentally measured values
from Dalzell and Sarofim [10]. For the spectral
range encompassing the visible to the near-in-
frared wavelengths, there are significant dif-
ferences in the various sets of absorption con-
stants. It is interesting to note that the three
data sets of refractive index corresponding to
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Fig. 10. Absorption constants calculated using various re-
fractive indices reported in the literature.

soot from the same fuel (propane) produce
large differences in K,. For example, at 633
nm, f,, calculated using Dalzell-Sarofim’s data
will be 50% smaller than the f,, determined
using Habib-Vervisch’s values. Thus, it appears
that further in-situ testing over a wide range of
parameters (including C/H ratio, dp, R,, etc.)
may be necessary to determine the fuel effects
on soot indices of refraction [24].

Using the six sets of absorption constants
displayed in Fig. 10, the ratios of f,, and f,,
were calculated and plotted in Fig. 11. Since
f,. was measured using emission at 900 nm
and 1000 nm, the best agreement with f,,
should occur with absorption measurements
performed at 940 nm. Such was not the case,
because the f,, measurements depend on the
magnitude of the absorption constant and its
variation as a function of wavelength, whereas
f.. depends only on the magnitude of the
absorption constant at the particular wave-
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Fig. 11. f,,/f.. ratio as a function of source wavelength
using various sets of absorption coefficients.
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length. Equations 3 and 4 show that the emis-
sion intensities are integrated from the lower
to upper cutoff wavelengths of the interference
filters (which ranged from 795 to 1085 nm). In
this spectral range, the refractive index and
therefore the calculated absorption constants
vary significantly as a function of wavelength.
For all cases however, the agreement between
f,. and f,, is improved for experiments using
longer source wavelengths. In essence, the use
of a longer wavelength source increases the
range of validity (for sizes of soot particles /ag-
gregates of interest in this study) of the
Rayleigh-limit formulation used to calculate
the absorption constants (see Eq. 2). The use
of refractive index sets II, VI, V and VI re-
sulted in the best agreement between the cal-
culated f,, and f,, over the wavelengths con-
sidered. However, the agreement between f,,
and f,, cannot serve as the sole basis for
determining the “correct” set of absorption
constants. The large uncertainties in the calcu-
lated absorption constant introduce significant
uncertainties in both f,, and f,,. For example,
judicious choice of refractive index can pro-

Teflon Filter
Housing

Fiber Optic
Bundle

183

duce a f,,/f,. ratio of unity at all wavelengths,
however the calculated f,, and f,, may not
represent the true measure of soot volume
fraction. For this reason, it is desirable to
measure the soot volume fraction indepen-
dently of the optical properties of soot to de-
termine a refractive index set that produces
the best agreement.

SOOT SAMPLING EXPERIMENTS

In prior studies, isokinetic sampling experi-
ments have been used primarily for analyzing
particle /gas mixtures for conditions that are
not far removed from the ambient. However,
few studies have been performed in the high
temperature environment of a premixed or
diffusion flame. In this study, isokinetic soot
sampling experiments were performed using a
premixed acetylene/air flame for conditions
identical to the experiments shown in Fig. 4 for
direct comparison with the measured f,, and
f,.. Figure 12 displays the schematic diagram
of the experimental arrangement. The probe

Erlenmeyer
Flask

To Vacuum
Line

Soap Bubble
Meter

— Water-Cooling Coil

Soot Sampling Probe

Absorption
Detector

Fig. 12. Schematic of the isokinetic soot sampling experiment.
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consists of a 9.6-mm stainless-steel pipe fitted
with a Teflon filter assembly that has a collec-
tion efficiency greater than 99% for particles
larger than 0.1 pm [25]. The probe was water-
cooled with a 6.4-mm-diameter copper tube
(starting at approximately 3 mm from the tip of
the probe) to quench further reactions of soot
as it traversed the length of the probe. In-
evitably, there were substantial deposits of soot
on the inner surface of the cold probe due to
thermophoresis. The deposited soot was
scrubbed from the probe and was included in
the determination of the total soot mass col-
lected within the 10 minute sampling period.
Since the gas flow was measured at room tem-
perature, the flow at the probe entrance was
calculated from the ideal gas law by multiply-
ing it by the ratio of the temperature at the
inlet of the probe (obtained from emission
measurements) to the ambient temperature.
The flow was corrected for water condensation
in the sampling probe (this increased the calcu-
lated flow by only a few percent). The soot
volume fraction was calculated from the fol-
lowing formula:

m, T,

Ps Tpe

fo=—q7—
t_.
dt

(15)

where m_ is the dry mass of the collected soot
(after being placed in an oven at 110°C for 15
hours), 7,, is the temperature at the probe
entrance, T,, is the ambient temperature, ¢ is
the collection period, dV//dt is the volumetric
flow rate and p, is the density of soot (1.84 +
0.1 g/cm?). The density of soot was measured
using Helium Pycnometry with soot collected
on a stagnation plate placed 30 cm above the
burner surface.

The effect of the sampling probe on the
premixed flame structure was investigated by
moving the sampling probe to various heights
(Fig. 12) above the burner while simultane-
ously performing optical measurements using
the three-line technique. With the distance
between the optical probes, L, maintained at
30 mm, the sampling probe position above the
optical line of sight, /1, was varied. At a posi-
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tion of A =5 mm (13 mm) above the burner
surface, the measured temperature and soot
volume fractions were essentially unchanged
from the case in which the sampling probe was
placed far downstream at 2 = 50 mm. Thus, at
a height of 5 mm above the optical line of
sight, the isokinetic sampling probe did not
affect f,, or the temperature measurements.

Table 1 compares the simultaneous mea-
surements of the soot volume fraction deter-
mined from the isokinetic technique and f,,
(using 900 and 1000 nm) for an acetylene /air
premixed flame (¢ = 2.3 at a height of 8 mm
above the burner surface) using various sets of
refractive index. The f,, measurements using
the various sets of index of refraction ranges
from 0.40 to 0.97 ppm. The isokinetically mea-
sured soot volume fraction of 0.48 ppm is in
good agreement with f,, calculated using re-
fractive indices sets I, II, and III, with a maxi-
mum discrepancy of only 25%. However, re-
fractive index sets II and III produced f,,/f,.
ratios that were significantly greater than unity
for wavelengths less than 1550 nm (Fig. 11).
This experiment indicates that the f,, calcu-
lated using the refractive index of acetylene
soot [10] produced the best agreement with f,,
and with the isokinetically measured value.

Although there are uncertainties with the
isokinetic technique due to uncertainties asso-
ciated with T,,, p, (see Eq. 15) and assump-
tions regarding the quenching of the soot reac-
tions in the probe, it has provided an indepen-
dent measure of the soot volume fraction that
can be compared to the optically measured
values.

TABLE 1

Comparisons of f,, Calculated Using the Various Sets of
Refractive Index with the Isokinetically Measured Values.
f. Was Measured for ¢ = 2.3 Acetylene /Air Flame at
a Height of 8 mm Above Burner Surface

fee (ppm)
I Dalzell-Sarofim (Propane) 0.40
II Dalzell-Sarofim (Acetylene) 0.60
III Lee-Tien (PMMA) 0.45
IV~ Habib-Vervisch (Propane) 0.97
A% Habib-Vervisch (Ethylene) 0.80
VI Charamopopoulos-Chaing (Propane) 0.70

f. (ppm)
VII  Isokinetic Sampling Experiment 0.48
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CONCLUSIONS

Temperature and soot volume fraction mea-
surements in a homogeneous premixed flame
environment resulted in a significant discrep-
ancy between f,, and f,,. Soot scattering ex-
periments and experiments assessing the effect
of light absorption by “large” molecules have
confirmed that the common practice of using
the Rayleigh-limit absorption constants of soot
for optical measurements is valid for the condi-
tions of the present study. However, the agree-
ment between f,, and f,, is dependent on the
choice of refractive indices used to calculate
the absorption constants. For all sets of ab-
sorption constants used in this study, the
agreement in the soot volume fractions im-
proved as the extinction source wavelength in-
creased from 488 to 1550 nm. This is due to
the reduced uncertainties in the literature val-
ues of the refractive indices and the validity of
the Rayleigh-limit formulation to calculate the
absorption constants.

The soot volume fraction measurements us-
ing isokinetic sampling techniques were used
for comparisons with the optically determined
values (using different sets of refractive index
reported in the literature). Of the six sets of
refractive index considered in this study, the
refractive index for acetylene soot reported by
Dalzell and Sarofim [11] produced the best
simultaneous agreement of f,, with the isoki-
netically measured values and with f,, at the
four light extinction wavelengths that were
considered.
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APPENDIX

Two approximations were made in estimating
the total scattering intensity: First the differ-
ential scattering intensity for all 6 > 90° is
equal to the value at 90°, and secondly the
scattering intensity for 8 < 20° is obtained from
an extrapolation of a linear fit of the data from
20° to 40°. The effect of these approximations
on the total scattering is estimated using the
following expression for the differential scat-
tering by smoke agglomerates for unpolarized
light [18]:

ANZ(1 + cos?)

0,,(0) = D,/2°

2 . 2
1+ 3—Df [R,(47/Msin(6,/2)]

(16)
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where

1
A= =klal’. a7

2
The quantity k is the wavenumber 27/, o is
the polarizability, N, the number of primary
spheres in the agglomerate, and D, the fractal
dimension. The value of R, was chosen so that
the ratio of the scattering intensity at 20° and
90° is equal to the measured value and D; is
taken to be 1.8. The ¢ = 2.5, H = 15 mm and
the ¢ = 2.3, H = 8 conditions correspond to
R, = 145 and 85 nm, respectively. For both
conditions, the error in the total scattering
coefficient associated with the linear extrapola-
tion is less than 1%. Assuming a constant
differential scattering intensity for 6 > 90° re-
sults in about a 3% error of the total scattering
coefficient for R, = 85 nm and an error of less
than 0.5% for R, = 145 nm.



